Introduction
Neuroimaging has been used to identify neurobiological factors expressed at early ages that might confer risk for disruptive behaviour disorders, such as attention-deficit/ hyperactivity disorder (ADHD) and conduct disorder. 1, 2 As defined by the DSM-IV, ADHD is marked by persistent symptoms of inattention, hyperactivity and impulsivity that cause clinically important impairment, whereas conduct disorder reflects a chronic pattern of aggression, deceitfulness/ theft, property destruction and rules violation arising before age 18. 3 Current theories emphasize distinct frontostriatal/ frontocerebellar (ADHD 4 ) or frontotemporal (conduct disorder 1, 5 ) disorder conceptualizations. These theories are built in large part on dozens of studies of brain structure abnormalities in samples with each disorder (for meta-analytic and qualitative reviews, see Valera and colleagues, 2 Yang and Raine, 5 Ellison-Wright and colleagues, 6 Hutchison and colleagues 7 and Seidman and colleagues 8 ). Brain volume abnormalities are important indicators of pathophysiological processes that likely reflect disorder etiology. Although results vary somewhat across antisocial disorder studies of different age groups, there is consistent evidence for reduced grey matter volume in the temporal lobe, including lateral and medial (e.g., amygdala, hippocampus) regions, in patients with conduct disorder. 9 Meta-analyses have shown that brain volume deficits in patients with ADHD are consistently found in the cerebellum, the corpus callosum splenium, total brain volume, right cerebral volume and right caudate. 2 Many brain structure studies report evidence of frontal lobe volume reductions in samples of youth with primary diagnoses of either conduct disorder 5 or ADHD, 8 but studies vary in their specific findings. However, it is commonly believed that frontal lobe abnormalities -both structural and functional -contribute to behavioural impairments associated with both disorders.
Although there are inconsistencies among studies in which brain regions are found to be abnormal for both patients with conduct disorder and those with ADHD, the prefrontal cortex findings are particularly variable. The reasons for these inconsistencies are not clear, but might be due to the frequent comorbidity of ADHD and conduct disorder in the samples examined. Although the 2 diagnoses are behaviourally distinct, about 65% of clinic-referred youth with conduct disorder diagnoses also meet diagnostic criteria for ADHD. 10 Although this association is not as strong in communityrecruited youth with conduct disorder (i.e., about 7%), epidemiological studies find that about 48% of communityrecruited youth with ADHD also have conduct disorder. 11 Perhaps unsurprisingly, every published brain structure study of youth with conduct disorder examined samples who either entirely or mostly had comorbid ADHD. [12] [13] [14] [15] [16] Conversely, careful review of published ADHD brain structure reports reveals that nearly half of these studies (12 of 26; 46%) extensively sampled youth with comorbid antisocial or oppos itional diagnoses, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and another 5 studies (19%) did not report on antisociality. [28] [29] [30] [31] [32] The remaining 9 (35%) studies [33] [34] [35] [36] [37] [38] [39] [40] [41] with confirmed "pure" (i.e., no comorbidities) ADHD samples typically reported reduced volume only in the small handful of brain regions (i.e., total grey volume, caudate, somatosensory/ premotor cortices, cerebellum) identified by meta-analysis. 2 However, these pure ADHD studies typically mixed together DSM-defined clinical subtypes (e.g., predominantly inattentive v. combined) 34, 35, 37, 38, 40, 41 or did not specify subtype, 33, 34 possibly adding to variability across studies. More important to the present study, none of the published meta-analyses of ADHD or conduct disorder addressed the possible impact of antisocial behaviour on ADHD brain structure findings 2, 6, 7 or vice versa. 5 Only Seidman and colleagues 8 discussed the presence of psychiatric comorbidities in ADHD brain structure studies in their qualitative review. They noted that most studies did not control for comorbidities, whereas the 2 pure ADHD studies and 1 study that statistically controlled for about 43% of comorbid oppositional defiant/conduct disorders that were published at that time reported only summary volume measures of cortex or frontal lobe regions. 24 In sum, previous studies have not clearly addressed which specific frontal lobe brain regions are structurally abnormal in samples with diagnostically pure ADHD or conduct disorder, or whether any abnormalities differed between the 2 disorders. Our review also raises an important question about whether lateral frontal lobe volume deficits commonly attributed to ADHD might instead be more directly linked to conduct disorder, given the apparent absence of evidence for specific, regional prefrontal cortex deficits in studies of ADHD samples without antisocial disorders. Functional neuroimaging evidence has emphasized somewhat different frontal lobe abnormalities in noncomorbid samples of conduct disorder [42] [43] [44] and ADHD (e.g., a ventral prefrontal surface versus dorsolateral surface dissociation for conduct disorder and ADHD, respectively 45 ). Clearer understanding of disorder etiology also requires careful comparison of brain structures between the 2 disorders to confirm which regional abnormalities are specific to each. To our knowledge, no studies to date have directly compared ADHD and conduct disorder brain volume abnormalities. Several studies of comorbid conduct disorder/ ADHD samples have statistically adjusted results for symptom severity in attempts to isolate abnormalities to one disorder or the other, but this approach has produced mixed results. On the one hand, some evidence from studies using such statistical control suggests that medial orbitofrontal and anterior cingulate volume deficits might not be linked to ADHD, 13 and analysis can reveal greater ADHD structural deficits when covarying for conduct disorder symptoms. 46 On the other hand, most attempts to use covariance or post hoc analyses to tease apart diagnostic specificity actually linked putative conduct disorder or ADHD volume deficits to symptom severity for the other disorder. 12, 14, 18 This has reduced, not improved, clarity. Only a direct comparison of well-characterized noncomorbid samples can effectively determine whether there are uniquely affected brain regions or shared volume abnormalities in each disorder.
The purpose of our study was to identify grey or white matter volume regions that differed between groups of adolescents with pure combined-subtype ADHD, conduct disorder and matched controls. Our broad prediction was that direct comparison would identify deficits specific to each disorder. Consequently, any overlap of abnormalities between the disorders would identify brain regions potentially representing shared etiological factors. We hypothesized that adolescents with conduct disorder diagnoses would show reduced volume in medial and lateral temporal lobe and ventral frontal lobe surface regions (e.g., ventromedial, orbitofrontal cortex, insular cortex, rostral cingulate), as found in previous reports. A key question was whether the conduct disorder and ADHD groups would differ in lateral prefrontal region volume, which has been found in studies of both disorders, albeit in samples with high cross-comorbidity. We hypothesized lateral prefrontal cortex volume differences between both diagnostic groups and controls, but planned comparisons among study groups to ascertain specific and evaluate relative deficit severity. We also hypothesized that cerebellum and basal ganglia deficits would be found in the ADHD group. The lack of previous evidence implicating white matter in antisocial groups 9, 47, 48 and mixed evidence in patients with ADHD 8 prevented detailed hypotheses for group white matter differences, but we expected ADHD-specific corpus callosum deficits, as indicated by meta-analytic review. 2 A secondary aim was to determine if conduct disorder or ADHD symptom severity was linearly associated with any abnormal volumetric finding.
Methods

Participants
The conduct disorder and ADHD study groups each comprised right-handed, medically healthy adolescents (ages 12-18) recruited for a National Institute of Mental Health (NIMH)-funded project (K23 MH070036) aimed at differentiating the neural correlates of each diagnosis. Participants were recruited using a combination of community advertisements and letters sent to families of youth on probation following arrest in the Connecticut Court Support Services Division. Groups were matched by sex and mean age to control participants without diagnosable DSM-IV disorders or health problems. We obtained parental permission and informed consent to participate in the study jointly from the participants and their parent/legal guardian. All study procedures were approved by the Hartford Hospital Institutional Review Board.
Clinical diagnoses for research purposes were made using the Kiddie-Schedule for Affective Disorder and Schizophrenia -Present and Lifetime Version (K-SADS-PL) 49 conducted by trained bachelor's-and master's-level staff working under the supervision of a licensed clinical psychologist. The K-SADS-PL, based on DSM-IV, is a validated, reliable and widely used semistructured clinical research interview. Interviews were performed separately for both adolescents and parents. Information was synthesized and diag noses confirmed in weekly research group meetings. By design, we excluded youth with comorbid disorders. All ADHD participants met criteria for DSM-IV combined-subtype.
Verbal ability was estimated using the Wide Range Achievement Test 3 (WRAT3) 50 reading scale score because numerous participants with conduct disorder did not exert adequate effort on the more challenging Weschler Intelligence Scale for Children, third edition, or the Weschler Adult Intelligence Scale, third edition, vocabulary subtests originally intended to estimate verbal-conceptual ability. The WRAT3 reading scores are strongly correlated with verbal IQ 51 and likely better represent the well-known verbal impairments in people with conduct disorder. 52 MRI data collection and data preparation T 1 -weighted brain structure images were collected using a 3-dimentional magnetization-prepared rapid-acquisition gradient echo (3- Hz, total scan time 7:09 min) using a Siemens 3-T Allegra magnetic resonance imaging (MRI) scan ner at the Olin Neuro psychiatry Research Center, The Institute of Living/ Hartford Hospital. Head movement was controlled using padded cushions to restrict head motion. Boardcertified radiologists confirmed that all scans were free of gross structural abnormality. Visual inspection plus signalto-noise metrics confirmed scan quality.
Data were prepared for analysis using the DARTEL toolbox, 53 implemented in SPM8 (www .fil .ion .ucl .ac .uk /spm /software /spm8/), which is a variant of widely used voxelbased morphometry methods. The toolbox is a suite of MATLAB programs that achieves highly accurate intersubject registration of brain images 54 using an algorithm for diffeomorphic 3-D image registration that considers nonlinear registration as a local optimization problem that is solved using a Levenberg-Marquardt strategy. Data preparation involved several steps, including nonlinear noise reduction (www .fmrib .ox .ac .uk /analysis /research /susan), segmentation of each participant's T 1 -weighed brain structure image in native space into grey and white matter and cerebrospinal fluid (CSF) maps, 55 import of segmented images to SPM8 to create a series of rigidly aligned tissue class images, and creation of flow fields generated by nonlinear registration of each image to a highly precise, iteratively generated template of all participants. Participant images then were warped to the template, interpolated to a 1.5 mm isotropic voxel resolution and used to create Jacobian-scaled (i.e., modulated) warped tissue class images. Whereas unmodulated images represent the relative concentration of a tissue class (i.e., grey and white matter, CSF), modulated images have adjusted these values by the deformation field produced by spatial normalization. This adjustment permits inferences about volume differences instead of the harder to interpret concept of concentration. The Jacobian-modulated images were spatially normalized into standardized Montreal Neurological Institute (MNI) space to facilitate anatomic localization and smoothed using an 8 mm full-width at half-maximum Gaussian kernel before random-effects analyses.
Statistical analysis
Because the SPM unified segmentation method produces total volume measurements (mL) for grey and white matter and CSF tissue classes, we first compared the study groups' total grey and white matter volume using analysis of variance (ANOVA) and post hoc t tests in SPSS software version 17.0. We calculated percent reduction of grey matter volume in conduct disorder and ADHD groups relative to the control group.
Primary study hypotheses for volume differences among groups were evaluated separately for grey and white matter using SPM8 factorial ANOVA. Because there were no group differences in total intracranial volume (see the "Whole brain volume differences between conduct disorder and control groups" section), these tests used absolute (not relative) volumetric values. To achieve accurate statistical inference given the nonuniform smoothness of brain structure images used in voxel-based morphometry, 56 we used a nonstationary correction to adjust voxel-wise results parametrically based on their local smoothness using random field theory. 57 We reported group differences if they were significant at a false discovery rate (FDR) of q < 0.05, corrected, for the whole brain. 58 Planned comparisons involved DunnSidak corrections for multiple tests (t statistic equivalent of p < 0.05 was 2.47) to determine significant pairwise study group differences within regions identified by ANOVA omnibus-F. Pairwise group differences were tabulated and converted to Cohen d effect sizes 59 to assist interpretation. Importantly, the ANOVA models were redone to covary for total intracranial volume, sex or WRAT3 reading score without altering the overall SPM8 voxel-wise results or pairwise group comparisons for individual brain regions. Supplemental correlation analysis determined linear associations between grey or white matter volume and K-SADS-PL DSM-IV symptom severity separately for the ADHD and conduct disorder groups. The sum of inattentive (ADHD-I) and hyperactive-impulsive (ADHD-H/I) symptoms represented overall ADHD severity. Results are reported at a statistical threshold of p < 0.05, uncorrected. Finally, in recognition of our modest sample sizes, we conducted exploratory pairwise group comparisons using SPM8 t tests, with results considered to be significant at p < 0.05, uncorrected.
All SPM8 analyses used explicit masks of grey and white matter calculated from participants' data using a method that optimized the binary distinction between tissue and nonbrain areas. 60 To help visualize the primary study results, we created volume renderings (http://surfer.nmr.mgh .harvard .edu/). This approach projected statistical maps onto a brain template to depict significant group volume differences that occurred on gyri and within sulci. Other results were depicted using activation maps overlaid on brain slices (http ://ric .uthscsa .edu /mango/). Identification of brain regions that had significant effects was guided by MNI stereotactic brain anatomy atlas labels.
Results
Participants
The conduct disorder, ADHD and control groups each comprised 24 participants. The sample demographic and clinical characteristics are listed in Table 1 . Not only did no participants with conduct disorder or ADHD meet the criteria for the other disorder, they typically had no suprathreshold (i.e., K-SADS-PL symptom rating = 3) comorbid symptoms. Only 3 participants with ADHD had 1 conduct disorder symptom.
Likewise, a single participant with conduct disorder had 1 inattentive/ 1 hyperactive-impulsive symptom whereas 1 other participant had 2 inattentive symptoms. One participant in the conduct disorder group met criteria for cannabis abuse. Because cannabis use likely had minimal impact on our study aims, it did not warrant exclusion. There were no other lifetime psychiatric/substance disorder comorbidities. All participants tested negative for the presence of marijuana, cocaine and heroin on a urine drug screen on the day of the MRI scan.
The χ 2 test revealed no sex differences among groups, and 1-way ANOVA revealed no group differences in age or WRAT3 score. As designed, the number of conduct disorder (F 2,67 = 172.824, p < 0.001), ADHD-I (F 2,68 = 556.242, p < 0.001) and ADHD-H/I symptoms (F 2,68 = 920.340, p < 0.001) significantly differed among groups. The mean K-SADS-PL symptom count for each diagnosis exceeded the minimum DSM-IV cut-offs, suggesting the symptoms were at least of mod erate clinical severity. Exact conduct disorder symptom counts for 2 participants were lost to file following diagnostic consensus and are not reported. These participants were retained in the group MRI analysis, but omitted from supplemental correlations between brain structure and symptom severity. Table 2 lists and Figure 1 depicts the results of the SPM8 ANOVA for grey matter volume. As hypothesized, we found many group differences detected at an FDR of q < 0.05 (F 2,69 = 5.40) in frontal and temporal lobe regions, but other brain structures also differed across groups. Table 2 lists post hoc pairwise group comparison results and effect sizes for each significant effect (p < 0.05, uncorrected) above Cohen d = 0.50. These comparisons revealed that adolescents with conduct disorder had less absolute grey matter volume than controls and adolescents with ADHD in nearly every region detected by ANOVA omnibus-F. The comparisons in which we found participants with conduct disorder had reduced grey matter volume relative to controls -the left inferior frontal gyrus, right/middle frontal gyri, left amygdala/ parahippocampus, right parahippocampus/ fusiform gyri, paracentral lobule/ cingulate gyrus and right caudate -failed to meet corrections for multiple comparisons. Interestingly, adolescents with J Psychiatry Neurosci 2012;37(6) 
Whole brain volume differences between conduct disorder and control groups
Regional volume differences between conduct disorder, ADHD and control groups
Supplemental correlation analysis of grey matter volume with symptom severity in conduct disorder and ADHD groups
We queried voxels of peak group differences reported in Table 1 separately for each diagnostic group to determine whether they had a significant association with the severity of conduct disorder or ADHD symptoms. Lesser grey matter volume in the right precuneus, left sensorimotor cortex and left amygdala in the ADHD group was related to greater symptom severity. For conduct disorder, greater grey matter volume in the right ventrolateral/lateral orbitofrontal cortex, bilateral amygdala and both left and right lateral temporal lobe cortex was associated with greater symptom severity. Appendix 1, Table S1 , available at cma.ca/jpn, lists brain regions with significant (p < 0.05, uncorrected) exploratory effects.
Exploratory pairwise group differences: ADHD versus control and conduct disorder versus control groups
Because, to our knowledge, this was the first direct comparison of pure conduct disorder and ADHD, we further explored pairwise study group differences at a threshold of p < 0.05, uncorrected, to identify any other disorder-specific differences. Interesting ADHD findings included grey matter volume deficits in several cerebellar regions and the left ventrolateral prefrontal and parietal cortices. There was also some evidence for greater grey matter volume, and both deficits and excesses of white matter volume in the ADHD group. Exploration of conduct disorder at liberal thresholds revealed evidence for grey matter volume deficits in subcortical structures (thalamus and caudate), the cerebellum and occipital lobe. Additional white matter volume deficits were found in numerous regions in participants with conduct disorder. Details of these results are available in Appendix 1, Tables S2 and S3 ; however, because they are exploratory, they are not discussed in depth here and have a limited impact on study conclusions.
Discussion
To our knowledge, the present study was the first direct comparison of brain structure among adolescents with pure DSM-IV conduct disorder, pure combined-subtype ADHD and matched controls. The total brain grey matter volume deficit in youth with conduct disorder was 13%, compared with a nonsignificant 3% reduction in those with ADHD. Our estimate of ADHD total grey matter volume deficit is smaller than in previous whole brain studies in samples with pure ADHD (typically reporting 7%-8% [37] [38] [39] 41 ), but our results are consistent with the only other whole brain study of adolescents with ADHD, which reported a 4% deficit in total grey matter volume. 35 Consistent with our hypotheses, ANOVA identified numerous specific regional volumetric differences between the study groups. Most interesting was the observation that all grey matter regions detected as different among study groups in all lobes were of larger magnitude in youth with conduct disorder than in youth with ADHD or were found only in those with conduct disorder. The average regional grey matter deficit effect size was large 59 (Cohen d = 1.14, range 0.84-1.54) in the conduct disorder group, whereas that in the ADHD group was medium (range 0.58-0.72). Moreover, the greater relative deficits in the conduct disorder group distinguished the 2 disorders in almost every region assessed in the post hoc test. Notably, we only found a single Results are thresholded at a false discovery rate of q < 0.05, corrected, for the whole brain. (A-E) Several frontal and temporal lobe brain regions hypothesized a priori to differ among study groups along with Cohen d effect size estimates of the differences between study groups. BA = Brodmann area regional grey matter deficit in the frontal lobe (left dorsolateral/ precentral prefrontal) in the ADHD sample, which is inconsistent with several previous reports 2 of brain volume in ADHD samples. However, nearly all these previous studies that detected prefrontal cortex volume deficits included patients with comorbid conduct disorder. Also, most previous studies reporting prefrontal cortex deficits in ADHD samples used summary frontal lobe volume measurements 23, 26, 31, [36] [37] [38] 41 rather than querying more localized regions. Whereas it is possible that only select, small regional volume deficits (e.g., left dorsolateral premotor/prefrontal identified in this study) in ADHD samples were responsible for previous findings from total volume summary measures, it seems more likely that most previously reported frontal lobe deficits in ADHD samples were the result of comorbid conduct disorder. Alternatively, it remains possible that global frontal lobe grey matter volume deficits in people with ADHD might reflect a unique, informative pathophysiological process worthy of further investigation.
The striking differences in the profile of brain structure abnormalities between noncomorbid conduct disorder and ADHD suggest the need to re-evaluate our understanding of regional volume deficits in people with ADHD, particularly deficits in frontal lobe grey matter. We realize that this conclusion is surprising, and perhaps somewhat provocative; however, given the absence of careful, direct comparison of noncomorbid conduct disorder and ADHD in the literature, it is not unreasonable to tentatively conclude that 1. some volume abnormalities previously attributed to ADHD are actually better linked to conduct disorder, and 2. the etiological factors that resulted in the different profiles and magnitude of volume deficits in the conduct disorder and ADHD groups likely differ for these 2 disorders. Indeed, the only evidence for a shared structural abnormality was found for left dorsolateral/precentral gyri (BA 9), where both diagnostic groups had deficits (albeit of different magnitudes) compared with controls. It is unlikely that this abnormality reflects a shared trait-like behavioural disinhibition, because functional MRI (fMRI) has not linked trait impulsivity to functional abnormalities in this region, 61 and the 2 disorders have markedly different clinical presentations. This region is noted for its role in many types of executive cognition, 62 suggesting a common neural liability of cognitive control over behaviour. A key question for future studies is whether this putatively shared deficit represents a specific type of impulsivity or disinhibition 63, 64 as a direct etiological factor (i.e., dorsolateral prefrontal structural deficits are present from birth and causally influence symptom expression) that is common to both disorders. Alternatively, perhaps volumetric deficits in this region arise from different, possibly indirect etiological factors (i.e., brain volume deficits emerge over time as a consequence of disrupted neural development in one group and from dysfunctional mechanisms proximal to disorder etiology in the other group). For this particular dorsolateral brain region, the latter possibility seems more reasonable, given that fMRI studies of pure ADHD 65-68 more consistently find ventrolateral (but not dorsolateral) prefrontal activity deficits in people with ADHD. A factor complicating the interpretation of our results is that functional deficits do not always occur in regions with structural abnormalities. Emerging conceptualizations of some psychiatric illnesses as disorders of large-scale distributed network integration (for example, see Makris and colleagues 4 and Banaschewski and colleagues 69 ) have begun to emphasize more greatly the idea that deficits in one region (e.g., structural deficits in the striatum, cerebellum or specific abnormal white matter connections in people with ADHD) could plausibly exert "downstream" effects that alter functional engagement of other regions in certain cognitive contexts. In addition, it is increasingly asked whether more than one form of pathophysiology can be isolated using neuroimaging that gives rise to ADHD symptoms (for example, see SonugaBarke and Halperin 70 and Cherkasova and Hechtman
71
). It is possible that the failure to find stronger volumetric differences between the ADHD and control groups in the present study might simply reflect an admixture of different ADHD causal mechanisms. In particular, to our knowledge, no previous studies of noncomorbid ADHD have distinguished between ADHD clinical subtypes as defined by DSM-IV. Therefore, our findings might be specific to combined-subtype ADHD, whereas different results in the frontal lobe might be found for predominantly inattentive youth. Given all these different possibilities, we hope that the present study's findings serve as an important point of comparison for future research seeking to better understand the numerous, complicated influences on brain structure in ADHD samples with meaningfully different behavioural presentations.
Another of our study findings was the lack of strong white matter volume differences among the diagnostic groups. Only exploratory analyses at liberal statistical thresholds detected white matter abnormalities specific to conduct disorder or ADHD. Although each diagnostic group had noteworthy deficits relative to controls in supplemental analyses at more liberal statistical thresholds (Cohen d = 0.53-0.98), the overall ANOVA could not confirm that these differed across study groups. At the very least, this suggests that white matter volume is not as important a potential differentiator of the 2 diagnoses as grey matter volume. A final finding was evidence for greater grey matter volume in the right caudate, left ventrolateral prefrontal, lateral orbitofrontal and parahippocampal gyri in the ADHD group. Previous reports have occasionally noted greater regional volumes in people with ADHD, but specific effects are inconsistent and do not typically overlap with our findings. 28, 34 However, previous research has linked psychostimulant treatment to the left ventrolateral prefrontal cortex, with treatment normalizing ADHD cortical thickness in this area. 72 For conduct disorder, our findings of numerous medial (anterior cingulate, ventral part of medial frontal gyrus) and lateral (dorso/ventrolateral, insular, frontopolar) frontal lobe deficits and temporal lobe deficits are consistent with those of previous studies 73 and current frontotemporal neurocognitive theories of antisociality. 1, 74 For example, previous fMRI studies of pure conduct disorder noted temporal lobe activation deficits in response to emotional stimuli in participants with conduct disorder, but not in those with ADHD. 43 Detection of these findings likely was obscured by the ADHD sampling comorbidity in previous brain volume examinations of people with conduct disorder. Theories of antisocial disorder pathophysiology should attempt to incorporate these findings. We also observed an association between conduct disorder symptom severity and ventrolateral prefrontal and temporal lobe abnormalities. Although this positive association was in the opposite direction that many might have anticipated, it was roughly consistent in directionality with the findings of 2 recent psychopathy trait studies 13, 75 and implicated some of the same regions linked to abnormal emotional/motivational valuation, amoral cognition and attention to emotion. 76 Because we did not measure callous/ unemotional traits, it was not possible to examine this idea further, which might better explain the positive association. Future studies should ascertain whether this represents disrupted normative developmental volume reductions throughout adolescence, as others have argued, 13 possibly specific to the proposed DSM-V callous/unemotional conduct disorder trait. 77 However, it is important to keep in mind that the field has not reached consensus on whether greater or lesser grey matter volume in adolescence necessarily translates to better functioning, as the relationships between neural development, brain structure/function, cognition and clinical status are complicated and require additional study.
Limitations
Although the rigorously confirmed lack of disorder comorbidity is the key strength of this study, the focus on combinedsubtype ADHD and purposeful exclusion of comorbid DSM-IV diagnoses prevents generalization to typical clinical groups who often present with complex psychopathology. A comparable study of younger children might produce different findings of equal importance to developmental theories of each disorder. Another study limitation is our modest sample size. We could not attempt meaningful sex comparisons, confidently examine possible associations between brain abnormalities and specific subtypes of symptoms (e.g., aggression, hyperactivity), explore possible effects of medication history on volume, or make firm conclusions about exploratory evidence for grey matter volume deficits unique to the ADHD group or various white matter abnormalities noted in both the ADHD and conduct disorder groups that were not found by the primary ANOVA. However, it is likely that many deficits detected by our supplemental analyses were meaningful. A supplemental power analysis indicated effective control over type II error in the ANOVA only for medium-to-large effect sizes, 59 which are somewhat larger than the pairwise group differences found in our supplemental analyses. However, all the ANOVA results tell us is that other, smaller-magnitude abnormalities in these other brain regions fail to distinguish the 3 study groups, not that they are without import. Indeed, most grey matter volume deficits observed at liberal statistical thresholds in the ADHD group (Appendix 1, Table S1 ) replicated deficits frequently found in studies of pure ADHD samples. [33] [34] [35] [36] [37] [38] [39] [40] [41] These deficits in people with ADHD included medium-to-large effect size deficits in the cerebellum, ventrolateral prefrontal and somatosensory/premotor cortices. A final limitation is that our use of an IQ estimate based on reading ability, rather than IQ itself, to confirm possible verbal-conceptual ability differences did not influence the results, particularly in the conduct disorder sample. However, this measure was arguably more relevant to cognitive deficits often found in people with conduct disorder.
Conclusion
Despite its limitations, this study makes several contributions to our understanding of brain structure abnormality diagnostic specificity. First, to our knowledge, it demonstrates for the first time striking differences between ADHD and conduct disorder in specific regional grey matter volume abnormalities. Importantly, we failed to find evidence for strong grey matter volume deficits in adolescents with ADHD in most specific frontal lobe regions that have variably been implicated in previous studies, even when using liberal statistical thresholds. Moreover, these results held regardless of individual or group differences in total intracranial volume, sex or level of academic achievement. This suggests that much of the previously reported evidence for specific prefrontal volume deficits in ADHD samples was the result of comorbid conduct disorder. There is a widely held belief, supported by a meta-analysis 2 of dozens of studies, that ADHD involves prefrontal cortex brain structure abnormality. However, the present study failed to differentiate samples of pure ADHD, conduct disorder and controls in nearly all prefrontal regions, calling into question this belief and raising the need to revisit etiological theories of ADHD that depend on volumetric abnormality in the prefrontal cortex. Such findings require replication; it would be useful to learn whether reanalysis of the largest published studies of ADHD samples would support or contradict these findings. Second, the study determined that the single prefrontal volume deficit shared by both diagnostic groups was greater in the conduct disorder than the ADHD group. If this abnormality is related to the same trait, it raises questions about expression of this trait or possibly different genetic contributions. Third, the study confirms previously reported structural brain abnormalities in people with conduct disorder in samples with comorbid ADHD. To our knowledge, ours was the first-ever study of brain volume deficits in adolescents with diagnoses of noncomorbid conduct disorder, as all previously reported samples all or almost all had comorbid ADHD. We report many specific abnormal regions in adolescents with conduct disorder that are the same as those that function abnormally in antisocial disorder samples. 45 Finally, we found several novel regional volume deficits in the conduct disorder sample that might be used to refine frontotemporal theories. Many theorists have increasingly considered distributed network dysfunction models of ADHD and antisocial disorders (for example, see Makris and colleagues 4 and Banaschewski and colleagues 69 ) instead of seeking to identify single pathognomonic core deficits. Better understanding of unique versus shared structural deficits should facilitate new research seeking to understand disorder-specific proximate causes of whole brain dysfunction that lead to symptoms.
